1. Introduction {#s0005}
===============

Triclosan (2,4,4ʹ-trichloro-2ʹ-hydroxydiphenyl), a broad spectrum antimicrobial agent, has been widely used in soaps, mouthwashes, toothpastes and other products in household personal care and hospital applications. In addition to their antimicrobial effects, triclosan has multiple biological functions, including disrupting endocrine function[@bib1] and suppressing the function of natural killer cell[@bib2] and mast cells[@bib3], and was reported inducing the mitochondrial uncoupling[@bib4]. Because of the ubiquitous use, contamination of triclosan has been detected in different environmental matrices including terrestrial, aquatic and biosolids[@bib5], thus the implication of triclosan pollution for human and environmental health has been concerned.

Mitochondrial uncoupling is a process of proton leaking from the intermembrane space into the mitochondrial matrix which prevents the development of a proton electrochemical gradient and reduces ATP production. Mitochondrial uncoupling is generally induced by mitochondrial uncoupling proteins (UCPs) or chemical mitochondrial uncouplers. Our previous studies found that mitochondrial uncouplers carbonyl cyanide *m*-chlorophenylhydrazone (CCCP) and niclosamide induced vasodilation of constricted arteries[@bib6], [@bib7]. We put forward an opinion that the chemical mitochondrial uncouplers hold the properties of vasoactivity in common, in other words, chemical mitochondrial uncouplers relax the constricted arteries and prevent stimuli-induced artery constriction. Weatherly et al.[@bib4] reported that triclosan induced mitochondrial uncoupling in living rat and human mast cells and in primary human keratinocytes. Based on our opinion, triclosan would induce vasorelaxation. Therefore the aim of the present work is to investigate the effects of triclosan on vascular function of rat mesenteric arteries and aorta.

2. Materials and methods {#s0010}
========================

2.1. Animals and agents {#s0015}
-----------------------

The adult Sprague--Dawley rats (male, body weight 320--350 g, 8--10 weeks) were purchased from Charles River (Charles River Laboratory Animal, Beijing, China). All the experimental procedures were approved by the Institutional Animal Care and Use Committee of Harbin Medical University, China. Phenylephrine (PE) was purchased from Shanghai Harvest Pharmaceutical Co., Ltd., China. Triclosan were purchased from Shanghai Dibai biological technology Co., Ltd. (Shanghai, China). PE and acetylcholine (Ach) were dissolved in distilled water, and others were dissolved in DMSO (Tianjin Fuyu Fine Chemical Co., Ltd.).

2.2. Cell culture {#s0020}
-----------------

Arterial smooth muscle cells (A10) were purchased from American Type Culture Collection. A10 cells were cultured in DMEM medium (high glucose) containing 15% FBS and 1% penicillin/streptomycin at 37 °C/5% CO~2~. Cells were used within 8 passages.

2.3. Rat mesenteric artery and thoracic aorta preparation {#s0025}
---------------------------------------------------------

Adult male Sprague--Dawley rats were sacrificed after anesthetized by sodium pentobarbitone (40 mg/kg, i.p.). The entire mesentery and thoracic aorta was removed quickly, then transferred into cold (4 °C) modified physiological salt solution (PSS) with the following composition (mmol/L): NaCl, 130; KCl, 4.7; MgSO~4~·7H~2~O, 1.17; KH~2~PO~4~, 1.18; NaHCO~3~, 14.9; CaCl~2~, 1.6; D-glucose, 5.5 (pH 7.35--7.45). Fat tissues of mesenteric artery and thoracic aorta were separated. The mesenteric arteries and thoracic aorta were dissected into 2-mm and 3--4-mm rings, respectively.

2.4. Isometric tension recording of mesenteric artery and thoracic aorta {#s0030}
------------------------------------------------------------------------

The experiments were carried out according to our previous work[@bib6], [@bib7], [@bib8], [@bib9]. The mesenteric artery and thoracic aorta rings were randomized for different treatments. Mesenteric arterial ring was mounted between two wires, and fixed in the bath filled with 5 mL PSS and were continuously bubbled with gas (95% O~2~ + 5% CO~2~). Thoracic aortic rings were mounted in triangle-shape hook and then suspended in the bath filled with 10 mL PSS and were continuously bubbled with gas (95% O~2~ + 5% CO~2~). The isometric contractions of mesenteric arterial rings were measured by using multi wire myograph system (model 620 DMT, Danish Myo Technology, Denmark), and the isometric contractions of thoracic aortic rings were measured by using multi-channel myograph system (BL-420S, Chengdu Taimeng Software Co., Ltd., China). The arterial rings were equilibrated for 60 min before the experiment. The resting tension of mesenteric arterial ring was 0.6 mN and this value of thoracic aorta ring was 1.96 mN, which were the optimal preload for force development of the vessels determined in preliminary studies. Then a wake-up protocol was performed to reactivate the mechanical, function, and signaling properties of the vessels by using high K^+^ PSS (KPSS) and phenylephrine (PE) stimuli. The KPSS (60 mmol/L K^+^) solution inducing vasoconstriction was composed of (mmol/L): NaCl, 74.7; KCl, 60; MgSO~4~·7H~2~O, 1.17; KH~2~PO~4~, 1.18; NaHCO~3~, 14.9; CaCl~2~, 1.6; D-glucose, 5.5; EDTA, 0.026. In order to avoid the error induced by natural rundown of the artery tension, we calculated the relaxation ratio of triclosan by subtracting the relaxation ratio of corresponding control (DMSO).

2.5. Measurement of mitochondrial reactive oxygen species {#s0035}
---------------------------------------------------------

The methods in detail were described as in our previous studies[@bib6], [@bib7], [@bib8]. Cultured arterial smooth muscle cells (A10) were loaded with MitoSOX (2 µmol/L) for 20 min and Hoechst (1 µg/mL) for 15 min at 37 °C and then the fluorescence was measured by using confocal microscopy. Confocal microscope images were collected by using a Zeiss LSM 700 with the Zeiss LSM software (Zeiss, Oberkochen, Germany). Images of MitoSOX fluorescence were obtained using a 40 × oil objective with an excitation at 555 nm and an emission of 585 nm. Images of Hoechst staining were obtained by using excitation at 405 nm and an emission of 435 nm. The levels of mitochondria ROS were represented by the relative intensity of fluorescence.

2.6. Measurement of cytosolic \[Ca^2+^\]~i~ of smooth muscle cells {#s0040}
------------------------------------------------------------------

The methods in detail were described as in our previous studies[@bib6], [@bib7], [@bib8]. Cultured arterial smooth muscle cells (A10) were loaded with 5 µmol/L fluo-3/AM for 15 min (37 °C) and rinsed four times with warm PBS (37 °C). The fluorescence was measured by using confocal microscopy (Zeiss LSM 700). The excitation and emission wavelength for signal detection was 488 and 518 nm respectively. The levels of cytosolic \[Ca^2+^\]~i~ were represented by the relative intensity of fluorescence.

2.7. Measurement of mitochondrial membrane potential by tetramethylrhodamine methyl ester staining (TMRM) {#s0045}
---------------------------------------------------------------------------------------------------------

The methods in detail were described as in our previous studies[@bib6], [@bib7], [@bib8]. Cultured arterial smooth muscle cells (A10) were loaded with TMRM (50 nmol/L) for 45 min and Hoechst (1 µg/mL) for 15 min at 37 °C and after rinsed four times with warm PBS (37 °C) then the fluorescence was measured by using confocal microscopy. Confocal microscope images were collected by using a Zeiss LSM 700 with the Zeiss LSM software. Images of TMRM fluorescence were obtained using a 20× objective lens with an excitation at 535 nm and an emission of 600 nm. Images of Hoechst staining were obtained by using excitation at 405 nm and an emission of 435 nm. The mitochondrial membrane potential was represented by the relative intensity of fluorescence.

2.8. Statistical analysis {#s0050}
-------------------------

Data are presented as mean ± SEM. Significance was determined by using Student׳s *t*-test for comparison of two groups. All statistical tests were performed using SigmaPlot (12.5 verison). *P*\<0.05 was considered significant.

3. Results {#s0055}
==========

3.1. Triclosan relaxes phenylephrine (PE)- and high K^+^ (KPSS)-induced constriction of rat mesenteric arteries {#s0060}
---------------------------------------------------------------------------------------------------------------

As shown in [Fig. 1](#f0005){ref-type="fig"}A, the intact endothelium of mesenteric arteries was confirmed by the presence of Ach-induced (1 µmol/L) relaxation. Treatment with triclosan caused concentration-dependent relaxation of endothelium-intact rat mesenteric arteries pre-contracted with PE (5 µmol/L, [Fig. 1](#f0005){ref-type="fig"}B). Furthermore, in rat mesenteric arteries with denuded endothelium ([Fig. 1](#f0005){ref-type="fig"}C) treatment with triclosan also induced concentration-dependent relaxation pre-contracted with PE (5 µmol/L, [Fig. 1](#f0005){ref-type="fig"}D). In high K^+^ (KPSS)-induced vasoconstriction model, treatment with triclosan induced vasorelaxation in endothelium-intact and -denuded rat mesenteric arteries [(Fig. 1](#f0005){ref-type="fig"}E and F). These results indicated that triclosan-induced vasorelaxation was endothelium-independent. The comparison of [Fig. 1](#f0005){ref-type="fig"}B and E, or D and F suggested that PE-induced vasoconstriction was more sensitive to triclosan than KPSS-induced vasoconstriction.Figure 1Triclosan induced vasodilation of rat mesenteric arteries pre-contracted with phenylephrine (PE) and KPSS. (A) Original traces demonstrating mesenteric arteries with intact endothelium. (B) Original traces and summary data showing the vasorelaxation effect of triclosan on endothelium-intact rat mesenteric arteries pre-contracted with PE (5 µmol/L). (C) Original traces demonstrating mesenteric arteries with denuded endothelium. (D) Original traces and summary data showing the vasorelaxation effect of triclosan on endothelium-denuded rat mesenteric arteries pre-contracted with PE (5 µmol/L). PE, phenylephrine. (E) The summary data showing the vasorelaxation effect of triclosan on endothelium-intact rat mesenteric arteries pre-contracted with KPSS. (F) The summary data showing the vasorelaxation effect of triclosan on endothelium-denuded rat mesenteric arteries pre-contracted with KPSS.Fig. 1

3.2. Triclosan pre-treatment inhibits phenylephrine (PE)- and high K^+^ (KPSS)-induced constriction of rat mesenteric arteries {#s0065}
------------------------------------------------------------------------------------------------------------------------------

We further examined the effect of pretreatment with triclosan on PE- and KPSS-induced vasoconstriction. As shown in [Fig. 2](#f0010){ref-type="fig"}, triclosan (2 µmol/L) pretreatment for 20 min significantly inhibited PE- (5 µmol/L) and KPSS-induced vasoconstriction in endothelium-intact and -denuded rat mesenteric arteries.Figure 2Pretreatment with triclosan prevented PE- and KPSS-induced constriction of rat mesenteric arteries with intact and denuded endothelium. (A) Original traces and summary data showing that pretreatment with triclosan (2 µmol/L) inhibited PE- induced (5 µmol/L) constriction of rat mesenteric arteries with intact endothelium. ^\*\*^*P*\<0.01 *vs*. control. (B) Original traces and summary data showing that pretreatment with triclosan (2 µmol/L) inhibited PE-induced (5 µmol/L) constriction of rat mesenteric arteries with denuded endothelium. ^\*\*^*P*\<0.01 *vs*. control. (C) The summary data showing that pretreatment with triclosan (2 µmol/L) inhibited KPSS-induced constriction of rat mesenteric arteries with intact endothelium. ^\*\*^*P*\<0.01 *vs*. control. (D) The summary data showing that pretreatment with triclosan (2 µmol/L) inhibited KPSS-induced constriction of rat mesenteric arteries with denuded endothelium. ^\*\*^*P*\<0.01 *vs*. control. PE, phenylephrine.Fig. 2

3.3. Triclosan induces vasorelaxation without involving K~ATP~ channel activation in rat mesenteric arteries {#s0070}
------------------------------------------------------------------------------------------------------------

Mitochondrial uncouplers decrease the ATP production and increase ADP/ATP ratio[@bib6], [@bib7], [@bib10], which was reported to be involved in activation of K~ATP~ channels[@bib11]. So we speculated that K~ATP~ channel activation might be involved in triclosan-induced vasorelaxation. However, in both endothelium-intact and endothelium-denuded rat mesenteric arteries, the K~ATP~ channel blocker glibenclamide showed no effect on triclosan-induced vasorelaxation ([Fig. 3](#f0015){ref-type="fig"}). Our previous studies showed that K~ATP~ channel activation was not involved in CCCP- and niclosamide-induced vasorelaxation[@bib6], [@bib7]. Together with the present results, it suggested that mitochondrial uncouplers-induced vasoconstriction was unrelated to K~ATP~ channels.Figure 3Triclosan induced vasorelaxation without involving K~ATP~ channel. Glibenclamide application whenever before or after triclosan treatment did not affect triclosan-induced vasorelaxation in endothelium-intact and endothelium-denuded rat mesenteric arteries pre-contracted with PE (5 µmol/L). PE, phenylephrine. GLI, glibenclamide.Fig. 3

3.4. Triclosan relaxes phenylephrine (PE)- and high K^+^ (KPSS)-induced constriction of rat thoracic aorta {#s0075}
----------------------------------------------------------------------------------------------------------

In order to test whether triclosan had the similar effect on the large conduit arteries, we examined the effect of triclosan on rat thoracic aorta. As shown in [Fig. 4](#f0020){ref-type="fig"}A--D. triclosan treatment relaxed PE-induced vasoconstriction in rat thoracic aorta with intact or denuded endothelium. However, compared with the vasorelaxation effect in mesenteric arteries, the higher concentration of triclosan was required for the vasorelaxation effect of triclosan on aorta.Figure 4Triclosan induced vasodilation of rat thoracic aorta. (A) Original traces demonstrating thoracic aorta with intact endothelium. (B) Triclosan induced dose-dependent relaxation of endothelium-intact thoracic aorta pre-contracted with PE (1 µmol/L). (C) Original traces demonstrating thoracic aorta with denuded endothelium. (D) Triclosan induced dose-dependent relaxation of endothelium-denuded thoracic aorta pre-contracted with PE (1 µmol/L). PE, phenylephrine.Fig. 4

3.5. Triclosan depolarizes mitochondrial membrane potential, increases cytosolic \[Ca^2+^\]~i~ and mitochondrial ROS production in vascular smooth muscle cells (A10) {#s0080}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

Triclosan induced mitochondrial uncoupling in mast cells and keratinocytes[@bib4]. Here, we further confirmed the mitochondrial uncoupling effect of triclosan in vascular smooth muscle cells (A10). As shown in [Fig. 5](#f0025){ref-type="fig"}A, the tetramethylrhodamine methyl ester (TMRM) staining showed that triclosan treatment significantly decreased mitochondrial membrane potential, and the analyzed data of this dynamic process was shown in [Fig. 5](#f0025){ref-type="fig"}B. We further measured the ADP/ATP ration in A10 cells after triclosan treatment and found that triclosan treatment increased ADP/ATP ratio ([Fig. 5](#f0025){ref-type="fig"}C). These results indicated that triclosan induced mitochondrial uncoupling in vascular smooth muscle cells.Figure 5Triclosan depolarized mitochondrial membrane potential and increased ADP/ATP ratio in vascular smooth muscle cells (A10). (A) The representative time--lapse images showed that triclosan decreased TMRM fluorescence. (B) The summarized data of triclosan-induced decrease of TMRM intensity. ^\*\*^*P*\<0.01 *vs.* control. (C) Triclosan treatment (5 µmol/L, 20 min) increased ADP/ATP ratio in A10 cells. ^\*^*P*\<0.05 *vs*. control.Fig. 5

Our previous works showed that mitochondrial uncouplers CCCP and niclosamide relaxed the constricted arteries but increased cytosolic \[Ca^2+^\]~i~ in vascular smooth muscle cells[@bib6], [@bib7]. The present results showed that triclosan treatment also significantly increased cytosolic \[Ca^2+^\]~i~ in vascular smooth muscle cells ([Fig. 6)](#f0030){ref-type="fig"}, indicating that the vasorelaxation effects and the increasing of cytosolic \[Ca^2+^\]~i~ in vascular smooth muscle cells might be the common properties of mitochondrial uncouplers.Figure 6Triclosan increased cytosolic \[Ca^2+^\]~i~ in vascular smooth muscle cells (A10). (A) The representative time--lapse images showed that triclosan treatment increased cytosolic \[Ca^2+^\]~i~. (B) The summarized data of triclosan-induced increase of cytosolic \[Ca^2+^\]~i~. ^\*\*^*P*\<0.01 *vs.* control.Fig. 6

The effects of mitochondrial uncoupler on mitochondrial ROS production were not consistently reported[@bib12], [@bib13]. We further measured the effects of triclosan on mitochondrial ROS production in vascular smooth muscle cells (A10) by using mitoSOX staining, and found that triclosan treatment slightly increased mitochondrial ROS production ([Fig. 7](#f0035){ref-type="fig"}A and B).Figure 7Triclosan increased mitochondrial ROS production in vascular smooth muscle cells (A10). (A) The representative time--lapse images showed that triclosan treatment increased mitochondrial ROS production. (B) The summarized data of triclosan-induced increase of mitochondrial ROS production.Fig. 7

4. Discussion {#s0085}
=============

Triclosan has multiple biological functions, including antimicrobial effects and immunosuppressive effects. Here we reported for the first time that triclosan showed vasorelaxation effects.

The idea of the present study came from the findings of our group that mitochondrial uncouplers, CCCP and niclosamide, were found to induce vasodilation of constricted arteries and the chemical mitochondrial uncouplers hold the properties of vasoactivity in common[@bib6], [@bib7]. Triclosan was reported to induce mitochondrial uncoupling[@bib4] and we also proved that triclosan depolarized mitochondrial membrane potential of vascular smooth muscle cells ([Fig. 5](#f0025){ref-type="fig"}A and B). Based on our findings, we hypothesized that triclosan would have vasorelaxation effects. Results showed that triclosan indeed has vasorelaxation effect.

Triclosan is an antimicrobial used widely in hospitals and personal care products, at \~10--75 mmol/L[@bib14], [@bib15]. Its bioaccumulation after chronic use or inadvertent absorption would induce toxic effects[@bib16]. Cherednichenko et al.[@bib17] have shown that triclosan induced severe cardiovascular impairments in mice *in vivo*. Our results indicated that triclosan would induce vasodilation effect *in vivo*.

The effects of triclosan on vascular function and cytosolic \[Ca^2+^\]~i~, mitochondrial ROS and mitochondrial membrane potential of vascular smooth muscle cells (A10 cells) were similar to those of CCCP and niclosamide reported in our previous works[@bib6], [@bib7], indicating that the mitochondrial uncouplers share the same pharmacological effects on arteries. Based on this theory, the vascular effects of a new drug could be inferred if it was a mitochondrial uncoupler.

It is very interesting that the mitochondrial uncouplers CCCP, niclosamide and triclosan induced significant vasodilatation, but increased cytosolic \[Ca^2+^\]~i~ in vascular smooth muscle cells. The phenomenon has been discussed in our previous study[@bib7]. We speculated that the increased cytosolic \[Ca^2+^\]~i~ tended to constrict the vessel, whereas the other vasorelaxant actions of triclosan (decreased ATP generation and loss of mitochondrial energy) counteracted the vasoconstriction. The mitochondrial uncouplers had the tendency to induce both vasoconstriction and vasorelaxation through different mechanisms, but the net result was vasorelaxation. Therefore, the triclosan-induced vasoactivity and cytosolic \[Ca^2+^\]~i~ changes seemed unparalleled. In the present study, we found that triclosan increased cytosolic \[Ca^2+^\]~i~ in vascular smooth muscle cells (A10 cells). There are several studies showing that triclosan is able to alter/elevate intracellular free Ca^2+^ levels in animal and human cell lines[@bib3], [@bib18]. Cherednichenko et al.[@bib17] reported that triclosan depressed excitation--contraction coupling, inhibited L-type Ca^2+^ currents, and Ca^2+^ transients in cardiac muscle, indicating that the regulation of triclosan on Ca^2+^ signals in smooth muscle and cardiac muscle was through distinct mechanism.

The effects of mitochondrial uncoupler on mitochondrial ROS production are not consistent[@bib12], [@bib13]. In a recent article, González-Pleiter et al.[@bib19] reported that triclosan promoted an extensive formation of ROS such as superoxide anion and hydrogen peroxide in exposed *Chlamydomonas reinhardtii* cells. Our results showed that triclosan at 5 µmol/L increased mitoROS generation in vascular smooth muscle cells.

The mesenteric arteries were more sensitive to triclosan than that of aorta ([Fig. 4](#f0020){ref-type="fig"}), thus we hypothesized that triclosan would mainly affect the small resistance vessels *in vivo*. We did not perform the *in vivo* experiments; however, previous study had examined the effects of triclosan on cardiovascular function of mice *in vivo*[@bib17]. They found that mice receiving triclosan (6.25, 12.5 or 25 mg/kg, i.p.) showed significantly impaired hemodynamic functions in a dose-dependent manner. Cardiovascular impairments included significantly reduced cardiac output, lower left ventricular end-diastolic volume, and reduction in the maximum time-derivative of the left ventricular pressure development, implying that triclosan induced severe cardiovascular impairments. Our findings were consistent with their results.
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